Induces Apoptosis and (p12), subunits that form caspase-8; (D), aspartic acids at the (A) Caspase-8(180)-induced apoptosis requires oligomerization and cleavage sites for the generation of p18 and p12; (*), the active site intrinsic protease activity. HeLa cells were transfected with 0.125 cysteine-to-serine mutation. c-Src myristylation signal (M) and HA g of Fkp3, Fkp3-Casp8(180), or Fkp3-Casp8(180, C360S), together and FLAG tags are also indicated.
with 0.25 g of pRK-crmA or 0.125 g of Fkp3 as indicated. Treat-(B) Apoptosis induced by pro-caspase-8 fusion proteins. HeLa cells ment of AP1510 (concentration indicated) and FK506 (50 nM) was were transfected with 0.125 g of each Fkp-Casp8 plasmid and done for 10 hr as described in the Experimental Procedures. 0.25 g of pRK-crmA as indicated. Percentages of specific (B) Pro-caspase processing is required for oligomerization-induced apoptosis were determined as described in the Experimental Proceapoptosis. HeLa cells were transfected with 0.125 g of Fkp3, . AP1510 treatment was done as described in (A).
In the absence of the dimerizer, expression of Fkp3-Casp-8 in HeLa cells potently induced apoptosis (Figcells underwent apoptosis (Figure 2A ), a level comparable to that seen in cells expressing Fkp3-Casp8. Addiure 1B). The apoptotic cells showed the characteristic morphologies of membrane blebbing, pyknosis, and tion of the monomeric, competitive FKBP ligand FK506 inhibited this apoptotic effect. In addition, Fkp3, which rounding up of the cell body. The cell death activity of Fkp3-Casp8 was blocked by the poxvirus serpin inhibiconsists of only the tandem FKBP12 domains ( Figure  1A ), caused a dominant-negative inhibition of killing intor crmA, consistent with previous results (Boldin et al., 1996; Muzio et al., 1996) . In contrast to the full-length duced by AP1510 ( Figure 2A ). These results show that oligomerization of the protease domain of pro-caspase-8 pro-caspase-8 fusion, three mutants that lack the DED domains showed much-reduced apoptosis ( Figure 1B) , activates its killing activity. The killing by is also inhibited by crmA. As a control, mutation of the indicating that the DED domains of pro-caspase-8 are required for its cell death activity.
active site cysteine (C360S) in Fkp3-Casp8(180) abolished the apoptotic activity in the presence of dimerizer. This indicates that cell death induced by oligomerization Activation of Pro-Caspase-8 by FKBP-Mediated Oligomerization is dependent on the intrinsic caspase activity of caspase-8. If the function of DED domains is to oligomerize procaspase-8, oligomerization of the Fkp3-caspase-8 muAs with , the addition of AP1510 also activated the apoptotic activity of tants by AP1510 should restore their apoptotic activity. Fkp3-Casp8(180) caused little cell death in the absence ( Figure 2B ). Both constructs contain residue Asp-216, which is recognized during the processing of proof the dimerizer (less than 5%; Figures 1B and 2A) . Addition of AP1510 caused a dose-dependent increase of caspase-8 (Medema et al. 1997) . In contrast, killing by Fkp3-Casp8(217), which lacks this cleavage recognition apoptosis in HeLa cells expressing . Similar results were also observed when 293T cells were residue, did not increase with the addition of AP1510 ( Figure 2B ). This result implies that pro-caspase proused for transfection (data not shown). At an AP1510 concentration of 500 nM, more than 40% of transfected cessing at residue 216 may be required for generating human cell lines. Second, by making a FasEC fusion of the protease domain of pro-caspase-8 [FasEC-Casp8 (182)], we can bypass several intermediaries that participate in the in vivo Fas-FADD-pro-caspase-8 connection: the death domain of Fas, FADD, and the DED domains of pro-caspase-8. We therefore could address the function of these protein motifs. As shown in Figure 3B , addition of Jo2 did not cause cell death in human HeLa cells expressing FasEC. However, addition of Jo2 activated the apoptotic activity of FasEC-Casp8(182) in a dose-dependent fashion ( Figure 3B ). The level of cell death induced by FasEC-Casp8(182) was similar to that induced by wild-type Fas at the maximal Jo2 concentration. Jo2-induced apoptosis through FasEC-Casp8(182) was blocked by crmA. Again, oligomerization-induced death required the intrinsic protease activity of the caspase because a catalytic cysteine-to-serine mutant, FasEC-Casp(182, C360S), did not respond to Jo2. These results confirm the results from the FKBP fusions and provide evidence that pro-caspase-8 can be activated by oligomerization. They also strongly suggest that with regard to the activation of pro-caspase-8, the role of the intermediary protein motifs between Fas and procaspase-8 is to physically link the pro-caspase-8 protease domain to the ligand-binding extracellular domain of Fas.
To determine whether oligomerization-induced activation is a general property of caspases, we tested procaspase-1 and -3 in the FasEC fusion system. Pro-cas- no killing. Thus, FasEC-Casp3 is not activated by oligomerization but may be activated by pre-existing cellular active caspase and thus for oligomerization-induced caspases. Taken together, these results suggest that killing.
oligomerization-induced activation may be a property of initiator caspases but not of executioner caspases.
Fas Extracellular Domain-Mediated Oligomerization of Three Pro-Caspases
Induction of Pro-Caspase Processing To confirm that oligomerization activates pro-caspase-8, by Oligomerization we used an alternative strategy of inducing oligomerizaTo understand the mechanism of oligomerization-induced tion through a membrane-bound receptor. We chose apoptosis, we followed the fate of pro-caspase proteins the extracellular domain of murine Fas (FasEC, Figure  in transfected cells with and without induced oligomer-3A) for two reasons. First, its agonistic antibody, Jo2, ization. We used 293T cells in these experiments due to is a pentameric IgM antibody that allows effective oligotheir high transfection efficiency. At DNA concentrations merization (Ogasawara et al., 1993 ). Jo2 does not recognize human Fas and therefore has no toxic effect on that allow detection of transfected gene products by immunoblotting, Fkp3-Casp8(180) induced some apoptoet al., 1997; Muzio et al., 1997) . When crmA was coexpressed with Fkp3-Casp8(180), processing was signifisis and was slowly processed in the absence of dimerizer ( Figure 4A , lanes 1-5). This slow processing may cantly slowed, and the processing intermediate ⌬N was observed only in the presence of AP1510 ( Figure 4B ). represent the basal probability of membrane-targeted Fkp3-zymogen molecules randomly encountering one
To circumvent the limitations of intracellular expression experiments, we established a cell-free system another. Processing generated two peptides containing the C-terminal FLAG-epitope: p37 (labeled [⌬N] ), which where pro-caspase processing could be initiated by inducing oligomerization. The addition of AP1510 to in appeared first, and p10. p10 most likely corresponds to the small subunit in mature caspase-8 (Medema et al.,
vitro-translated, 35 S-labeled Fkp3-Casp8(206) led to the proteolytic generation of peptides corresponding to the 1997), which is derived from the C terminus of procaspase-8, and p37 is a processing intermediate. In mature caspase-8 subunits p18 and p10, and three processing intermediates p46, p37, and p20 ( Figure 5A ). contrast, when Fkp3-Casp8(180) was expressed in the presence of AP1510, the zymogen was completely processed after only 1 hr of dimerizer treatment and only ⌬N was detected ( Figure 4A , lane 6). ⌬N was completely processed after 2 hr of dimerizer treatment ( Figure 4A , lane 7). In the presence of the dimerizer, newly synthesized zymogen was rapidly processed and accumulated as ⌬N and p10 ( Figure 4A, lanes 8-10) . This result suggests that oligomerization induces the processing of Fkp3-Casp8(180). Moreover, this processing required the intrinsic caspase activity of the zymogen. The active site C360S mutant of Fkp3-Casp8(180) did not become processed, even in the presence of AP1510 ( Figure 4A , lanes 11-12). This result argues against a model of activation where oligomerized pro-caspases become better substrates for a pre-existing cellular caspase and strongly implies that pro-caspase processing is an autoproteolytic process. Similarly, deletion of one caspase recognition site in Fkp3-Casp8(217) blocks processing induced by AP1510 ( Figure 4A, lanes 13 and 14) , which explains why this mutant fails to induce apoptosis upon oligomerization.
We were surprised by our ability to detect p10 because we imagined that cell death would occur quickly once active caspase-8 was generated in the cytosol. Instead, we believe that the p10 detected in this experiment is likely to be still bound to the membrane-targeted Fkp3-zymogen oligomer. In the course of generating the mature tetrameric caspase from two zymogen molecules, one zymogen may be processed before the other, producing p20 and p10 subunits that are bound to un- ing but to inhibit mature caspase-8 activity (Medema Processing initiated by AP1510 was blocked by the addiof pro-caspase-8 in vivo is known to occur at caspase sites (Medema et al., 1997) . Oligomerization-induced tion of FK506, the monomeric ligand of FKBP that comprocessing is also inhibited by the caspase inhibitor petes for AP1510 binding. It was also inhibited by the z-DEVD ( Figure 5A ) and abrogated by deletion of the addition of the caspase inhibitor z-DEVD ( Figure 5A) . recognition site at amino acid 216 ( Figures 4A and 5A ). These results demonstrate directly that pro-caspase
In addition, the processed products are in agreement processing in vitro requires oligomerization and caspase with those intermediates detected in cells undergoing activity. Fkp3-Casp8(217) served as a negative control Fas-induced apoptosis (Medema et al., 1997). Furtherand was incapable of being processed in the presence more, by making a FasEC-caspase-8 fusion, we byof AP1510 ( Figure 5A ). In the absence of the in vitropassed the intervening protein interaction motifs for the translated pro-caspase, the reaction mixture contains in vivo Fas-FADD-caspase-8 connection. FasEC-casno caspase activity as demonstrated by the lack of pase-8 killed cells in a Jo2-dependent manner, strikingly PARP cleavage in the presence of AP1510 (data not similar to Fas-mediated cell death ( Figure 3B ). Thereshown).
fore, the in vivo function of many proteins in the Fas Based on time course experiments ( Figure 5B ), relareceptor complex is likely to facilitate and regulate oligotive band intensities normalized by the known methiomerization of pro-caspase-8. nine content of the predicted peptides, comigration with
We propose that oligomerization of pro-caspases may known truncation mutants, and the presence of the be a general mechanism in initiating caspase cascades. C-terminal FLAG epitope tag, we were able to tentatively Caspases have been divided into three major groups assign the identities of the proteolytic products (Figure based on their substrate specificities: a caspase-8-like 5B) and suggest a model of pro-caspase processing.
group, a caspase-1-like group, and a caspase-3-like First, the prodomain was separated from the protease group (Thornberry et al., 1997) . We showed that oligodomain, generating p46 and p37. p46 corresponds to the merization induces the activation of pro-caspase-8 and N-terminal Fkp3, and p37 corresponds to ⌬N in Figure  -1 . A caspase-3-like protease, caspase-2 (Ich-1), binds 4 and consists of the protease domain. Second, the to the death adaptor RAIDD via its prodomain and is protease domain is cleaved to generate p20 and p10.
recruited to TNF receptor 1 (Duan and Dixit, 1997). MemThe p20 is then processed to p18. p18 and p10 are the brane recruitment and oligomerization of pro-caspase-2 mature subunits of caspase-8 that presumably associmay then lead to autoproteolytic activation in a fashion ate to form a tetrameric enzyme. Consistent with this similar to that found for pro-caspase-8. On the other sequence of cleavages, deletion of the predicted first hand, induced oligomerization of pro-caspase-3 did not cleavage site in Fkp3-Casp8(217) completely blocked enhance its cell death activity. Therefore, prodomain processing ( Figures 4A and 5A) .
structure, rather than substrate specificity, may deterTaking FKBP-fused pro-caspase-8 as a model, these mine the ability of pro-caspases to be activated by oligodata collectively show that in vivo and in vitro, oligomermerization. The difference among pro-caspase-8, -1, ization can induce the autoproteolytic processing of proand -3 may reinforce the conceptual division of initiator caspases.
and executioner caspases and suggest that oligomerization-induced activation is a property of the initiator caspases.
Discussion
Controlling the oligomerization state of pro-caspases may be a critical regulatory event in the cellular decision A key question for understanding programmed cell for life or death. Specific adaptor proteins that interact death is how initiator caspases become activated. Using with the prodomains of various pro-caspases may allow two inducible oligomerization systems, we show that distinct apoptotic stimuli to engage the death machinery oligomerization activates pro-caspase processing, which by inducing pro-caspase oligomerization. A logical step in turn activates their cell death activity. Pro-caspases in inducing pro-caspase oligomerization is to bring them may possess weak proteolytic activity and cleave one near membranes; this reduces their movement from another when they are brought into close proximity. three dimensions to two dimensions and increases their Alternatively, two pro-caspase molecules may form a local concentration. A recent study showed that promature caspase-like structure which cleaves other procaspase-8 can also be recruited to the endoplasmic caspases. Consistent with this idea, a mature caspase reticulum (ER) membrane through an ER protein, p28 is a tetramer derived from two pro-caspase molecules.
Bap31 (Ng et al., 1997) . Cell death effectors such as The pro-caspase-8 products from cell-free processing CED-4, Bcl-2, and cytochrome c may exert their effects suggest an order of cleavage events: the prodomain is through regulating oligomerization of pro-caspases. The first separated from the protease domain, followed by
Caenorhabditis elegans death effector CED-4 and its the separation of the two protease subunits. This order mammalian homolog Apaf-1 interacts with the zymogen of cleavages is distinct from that observed when proform of CED-3 and caspase-9, respectively (reviewed by caspase-8 is used as a substrate for active DISC (MedHengartner, 1997; Li et al., 1997) . CED-4 also associates ema et al., 1997). This difference reinforces the idea that with the cell death inhibitor CED-9, while Apaf-1 associactivation of pro-caspase processing by oligomerization ates with the cell death initiator cytochrome c (Hengartoccurs through a distinct mechanism from that involved ner, 1997). It is likely that additional regulatory strategies in processing of a pro-caspase by a mature caspase as also control the activity of caspases. occurs in other steps of the cascade.
Oligomerization-induced activation of pro-caspases Oligomerization-induced activation is likely to reflect is reminiscent of the activation of receptor tyrosine kinases. Oligomerization of receptor tyrosine kinases the in vivo situation for pro-caspase-8. The processing method. Then, 11 hr after transfection, the medium from parallel leads to intermolecular cross-phosphorylation, which transfections was exchanged for medium containing either vehicle can increase their kinase activity and enhance their inor 1 M AP1510. At the indicated time points, the transfected cells teraction with cellular proteins (Ullrich and Schlessinger, were washed once with ice-cold PBS and extracted in 100 l of IP-1990). In a similar fashion, autoproteolytic processing of lysis buffer (Hsu et al., 1995) . Protein concentrations in extracts pro-caspases produces mature caspases that possess were equalized by Bradford assay and analyzed by immunoblot for FLAG with ECL (Amersham).
greater enzymatic activity. Oligomerization-induced autoproteolysis is a well-established mechanism in activating the complement protease cascade. Our data show l of CED3 reaction buffer (Xue et al., 1996) . Final drug concentrations of 100 nM of AP1510 or FK506 and 10 M of z-DEVD were Experimental Procedures used. The reaction mixture was incubated in 30ЊC for 4 hr, and the reaction stopped by the addition of SDS sample buffer. Reaction Reagents products were visualized by SDS-PAGE and autoradiography. The dimerizer AP1510 was the generous gift of Dr. M. Gilman (Ariad Pharmaceutical, Inc.). FK506 was the generous gift of Dr. S. Acknowledgments Schreiber (Harvard University). Anti-murine Fas IgM Jo2 (Pharmingen, CA), anti-FLAG MAb M2 (Kodak), rabbit polyclonal antiWe thank Y. H. Li and P. Svec for excellent technical support. We FLAG (Santa Cruz), and Z-Asp-Glu-Val-Asp (z-DEVD, Enzyme Sysare grateful to M. Gilman for the generous gift of AP1510. We thank tem Products, CA) were obtained from the indicated sources.
Drs (1996) . Letter to the and FasEC-Casp8(182), a BamHI/EcoRI fragment of FasEC was liEditor. Human ICE/CED-3 protease nomenclature. Cell 87, 171. gated with a EcoRI/SalI fragment of human caspase-3 or human Amara, J.F., Clackson, T., Rivera, V.M., Guo, T., Keenan, T., Natesan, caspase-8 residues 182-479 in pRK5. Active site C-to-S mutants S., Pollock, R., Yang, W., Courage, N.L., Holt, D.A., and Gilman, M. were made by PCR mutagenesis and assembled in the same way (1997) . A versatile synthetic dimerizer for the regulation of proteinas the corresponding wild-type constructs. Each construct was conprotein interactions. Proc. Natl. Acad. Sci. USA 94, 10618-10623. firmed by partial DNA sequencing and immunoblotting or in vitro translation. pRK-crmA (Hsu et al., 1995) and pEBB-mFas (Yang et Boldin, M.P., Goncharov, T.M., Goltsev, Y.V., and Wallach, D. (1996) . al., 1997) were previously described.
Involvement of MACH, a novel MORT1/FADD interacting protease, in Fas/APO-1 and TNF receptor-induced cell death. Cell 85, 803-815.
Cell Death Assay
Duan, H., and Dixit, V.M. (1997). RAIDD is a new 'death' adaptor The cell death assay was performed essentially as previously demolecule. Nature 385, 86-89. scribed (Yang et al., 1997) . 1.5 ϫ 10 5 HeLa cells/well were transfected Porter, A.G., Ng, P., and Janicke, R. (1997) . Death substrates come with the calcium phosphate precipitation method. For each transfecalive. BioEssays 19, 501-507. tion, 0.25 g of a ␤-galactosidase reporter plasmid pCMV-lacZ was Fraser, A., and Evan, G. (1996) . A license to kill. Cell 85, 781-784. included and the total amount of DNA was adjusted to 1.25 g with Hengartner, M.O. (1997) . Apoptosis. CED-4 is a stranger no more. the vector plasmid pRK5. AP1510 or FK506 was added 6 hr after Nature 388, 714-715. transfection as indicated, and cells were stained with X-gal 16 hr after transfection. For Fas-EC fusions, Jo2 antibody was added as Henkart, P.A. (1996) . ICE family proteases: mediators of all apoptotic indicated 10 hr after transfection, and cells were stained with X-gal cell death? Immunity 4, 195-201. 18 hr after transfection. The percentage of apoptosis was deterHsu, H., Xiong, J., and Goeddel, D.V. (1995) . The TNF receptor mined by the number of blue cells with apoptotic morphology di-1-associated protein TRADD signals cell death and NF-B activavided by the total number of blue cells. Specific apoptosis was tion. Cell 81, 495-504. calculated as the percentage of apoptosis in each transfection miLi, P., Nijhawan, D., Budihardjo, I., Srinivasula, S.M., Ahmad, M., nus the percentage of apoptosis in the vector-transfected cells that Alnemri, E.S., and Wang, X. (1997) . Cytochrome c and dATP-depenwas not treated with either AP1510 or Jo2. The vector control was dent formation of Apaf-1/caspase-9 complex initiates an apoptotic always included in each experiment and was less than 5%. Data protease cascade. Cell 91, 479-489. shown are the averages and standard deviations of 2-4 independent Medema, J.P., Scaffidi, C., Kischkel, F.C., Shevchenko, A., Mann, experiments. For each experiment, 200 or more blue cells were M., Krammer, P.H., and Peter, M.E. (1997) . FLICE is activated by counted from randomly chosen fields.
association with the CD95 death-inducing signaling complex (DISC). EMBO J. 16, 2794-2804. Pro-Caspase Processing in Transfected Cells 7.5 ϫ 10 5 293T cells plated on 35 mm dishes were transfected with Muzio, M., Chinnaiyan, A.M., Kischkel, F.C., O'Rourke, K., Shevchenko, A., Ni, J., Scaffidi, C., Bretz, J.D., Zhang, M., Gentz, R., et 1 g of the indicated expression plasmids by the calcium phosphate
